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Abstract
If in addition to the standard model fields, a new pseudoscalar field that
couples to hypercharge topological number density, the hypercharge axion,
exists, it can be produced in colliders in association with photons or Z bosons,
and detected by looking for its decay into photons or Z’s. For a range of
masses below a TeV and coupling above a fraction of 1/TeV, existing data
from LEP II and the Tevatron can already put interesting constraints, and
in future colliders accessible detection range is increased significantly. The
hypercharge axion can help in explaining the matter-antimatter asymmetry
in the universe.
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If in addition to the standard model fields, a new pseudoscalar field that couples to
hypercharge topological number density, the hypercharge axion (HCA), exists, it can be
produced in colliders in association with photons or Z bosons. Since the hypercharge photon
is a linear combination of the ordinary photon and the Z, HCA couples to photons and Z’s
and therefore it can be produced in interactions involving photons or Z’s, and it can be
detected by looking for its decay into photons or Z’s. We show that HCA can be produced
in colliders in sufficient numbers to be detected if its mass is below a few TeV and its coupling
above a fraction of TeV−1. In cosmology, HCA can exponentially amplify hypercharge fields
in the symmetric phase of the electroweak plasma, while coherently rolling or oscillating [1,2],
leading to the formation of a time-dependent condensate of topological number density. This
condensate can be converted at the electroweak phase transition [3], under certain conditions,
into baryons in sufficient quantity to explain the observed baryon asymmetry in the universe
[1].
Pseudoscalar fields with the proposed axion-like coupling appear in several possible ex-
tensions of the Standard Model (SM) [4]. They typically have only perturbative derivative
interactions and therefore vanishing potential, and acquire a mass m, which could be as low
as a fraction of an eV, or as high as 1012 GeV, through non-perturbative interactions. The
scale of mass generation F , could be as high as the Planck scale but could also be much
lower, even down to the TeV range, however, typically m ≪ F . A particularly interesting
mass range is the TeV range, expected to appear if mass generation is associated with su-
persymmetry breaking, and if HCA plays a role in baryogenesis [1]. We focus on a singlet
elementary HCA whose only coupling to SM fields is to hypercharge fields, but composite
or non-singlet fields may also appear in some models [4].
The singlet HCA field X has mass mX , and the following dimension 5 interaction La-
grangian density,
LXY Y =
1
8M
XǫµνρσYµνYρσ, (1)
where Yµν is the U(1)Y hypercharge field strength, and the coupling
1
M
has units of mass−1.
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FIG. 1. Associated production of HCA in colliders. The fermions f can be either charged
leptons or quarks.
For QCD axions, M ∼ F , F being the “Peccei-Quinn” mass generation scale. But in
general, it is not always the case, and we will therefore take M to be a free parameter,
and in particular allow M < F , keeping the characteristic property mX ≪ M . We will
be interested in a range M < 100 TeV, and mX < 10 TeV. Our model is therefore a two
parameter model, and the goal of our subsequent analysis is to determine for which domain
in (mX ,M) space, HCA can be produced and detected in colliders.
The interaction (1) is not renormalizable, and therefore our model should be considered
as an effective field theory, with a cutoff. We may estimate the magnitude of radiative
corrections to SM quantities, such as the ρ parameter, to check that our model is consistent
with existing electroweak measurements, which require additional corrections to be smaller
than a fraction of a percent. The relative magnitude of a loop with external gauge bosons
and an internal X particle, compared to the same process at tree level is approximately of
order 1
16pi2
m2
X
M2
, assuming that X is the heaviest particle running in the loop [5]. However,
according to our assumptions mX ≪ M , and therefore expected radiative corrections are
small. We will not attempt here a more detailed treatment of radiative corrections.
HCA can be produced in colliders, if the energy is high enough, in association with a
photon or a Z. Recall that the hypercharge photon Yµ is a linear combination of the ordinary
photon Aµ and the Z boson Zµ, Yµ = cos θWAµ − sin θWZµ, where θW is the Weinberg
angle. The total unpolarized cross sections for the two processes ff → Z∗, γ∗ → ZX and
3
e Up type quarks Down type quarks
cv −12 + 2 sin2 θW 12 − 43 sin2 θW −12 + 23 sin2 θW
≃ −0.03 ≃ 0.19 ≃ −0.34
ca −12 12 −12
Nc 1 3 3
TABLE I. Parameter values for different fermions.
ff → Z∗, γ∗ → γX , (here Z∗ and γ∗ denote a virtual Z and a virtual photon, and f is a
charged fermion) can be computed from the diagrams in Fig. 1,
σ(ff → ZX) = 1
Nc
α
48
1
M2
k3/2
s
sin2 θW
cos2 θW
× (2)[ 12(cv − ca)
s−M2z
+
cos2 θW
s
]2
+
[
1
2
(cv + ca)
s−M2z
+
cos2 θW
s
]2 ,
σ(ff → γX) = 1
Nc
α
48
1
M2
q3/2
s
× (3)[ 12(cv − ca)
s−M2z
+
cos2 θW
s
]2
+
[
1
2
(cv + ca)
s−M2z
+
cos2 θW
s
]2 ,
where k = (s−m2X −m2Z)2−4m2Xm2Z , q = (s−m2X)2 and
√
s is center of mass (CM) energy
of the collision. In deriving eqs.(2,3) we have assumed that the fermions are effectively
massless, mf/
√
s ≪ 1. The parameters appearing in eqs.(2,3) are given in Table I: cv and
ca are the vector and axial coupling of the fermion to the Z, Nc is the number of colors of the
fermion, and takes into account averaging over initial colors. Notice that for small s there
are kinematical thresholds for both processes, s > m2X , s > (mX +mZ)
2 to allow associated
production with a photon, and with a Z, respectively.
In Fig. 2 we plot the total cross section for associated production of HCA in e+e− col-
liders as a function of CM energy
√
s, for mX = 150 GeV, and M = 1 TeV. The cross
section scales as M−2, and therefore its magnitude for different values of M can be read
4
0.5 1.0 1.5 2.0
 S1/2 TeV
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
 
 
pb
FIG. 2. Total HCA associated production cross section in e+e− colliders, for mX = 150 GeV,
M = 1 TeV.
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FIG. 3. Ratio of cross section for associated production of HCA with a Z boson, to cross
section for associated production of HCA with a photon in e+e− colliders, for mX = 150 GeV.
off Fig. 2. Since q3/2, k3/2 ∼ s3 for large s, both cross sections approach asymptotically
a constant independent of the mass mX [6], σ(ff → ZX) → 1Nc α48 1M2 tan2 θWSf and
σ(ff → γX) → 1
Nc
α
48
1
M2
Sf , where Sf is a numerical factor of order unity depending on
the type of fermion. The rise towards the asymptotic value is governed by the ratios m2X/s,
and m2Z/s. Asymptotically, for large s,
σ(ff→ZX)
σ(ff→γX)
≃ tan2 θW ≃ 0.3. The ratio of associated
production cross section with a Z to associated production cross section with a photon in
e+e− colliders is shown in Fig. 3 for mX = 150 GeV. The ratio is, of course, independent of
M .
To evaluate the cross section in hadron colliders such as the Tevatron and
LHC we follow the standard procedure of calculating hadronic cross section σhadrons,
for hadron collisions at CM energy
√
s, from partonic ones σ̂ij [7,8], σhadrons =∫ ∑
ij
f
(a)
i (x1, Q
2)f
(b)
j (x2, Q
2)σ̂ij(
√
Q2)dx1dx2, where f
(a)
i and f
(b)
j are the partonic structure
functions of type-i and type-j quarks in type-(a) and type-(b) hadrons, respectively, x1, x2
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FIG. 4. Total HCA associated production cross section in hadronic colliders, for mX = 800
GeV, M = 1 TeV.
are momentum fractions carried by partons 1 and 2, and Q2 = x1x2s is a typical momentum
transfer in a partonic collision. For our process the only possible contributions are from the
6 same-flavour quark-antiquark partonic collisions, whose cross section is given in eqs.(2,3).
Typically, the hadronic cross section for a PP¯ or a PP machine is similar to an e+e− ma-
chine at about 0.1 CM energy. The hadronic cross section of a PP machine is suppressed
with respect to the cross section in a PP¯ machine by an additional factor associated with
light antiquarks density within the proton. In Fig. 4 we show the results of numerically
evaluating total hadronic cross section for associated production of HCA of mass mX = 800
GeV, forM = 1 TeV. The ratio of associated production cross section with a Z to associated
production cross section with a photon in PP¯ and PP collisions, for the same parameters
is shown in Fig. 5. As previously noted, the rise towards the asymptotic value is governed
by the ratios m2X/s˜, and m
2
Z/s˜, where
√
s˜ ∼ 0.1√s is the typical invariant mass of the
partonic collisions. For small s˜ there are kinematical thresholds for both processes, s˜ > m2X ,
s˜ > (mX +mZ)
2, to allow associated production with a photon, and with a Z, respectively.
The cross section scales as M−2, and therefore its magnitude for different values of M can
be read off Fig. 4.
Finally, we present the estimated number of produced HCA’s in colliders. The total
number of HCA produced NHCA, is given by NHCA = L ·
(
TeV
M
)2 · σ (M = 1 TeV ; s;mX) ,
where L is the total integrated luminosity available. If we fix a number of events as the
minimal number Nmin required for detection of HCA, we obtain a region in (mX ,M) space,
limited by the curve
6
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FIG. 5. Ratio of cross section for associated production of HCA with a Z boson, to cross
section for associated production of HCA with a photon in hadronic colliders, for mX = 800 GeV.
M
TeV
=
√
L
Nmin
√
σ (M = 1 TeV ; s;mX), (4)
shown in Fig. 6 for Nmin = 10 events for LEP II and for Run I of the Tevatron collider.
Existing experimental searches [9], have set upper bounds only on the cross section σ(e+e− →
XZ), of the order of 0.1pb, for mX < 90 GeV, assuming that X → γγ (see later). In Fig. 6,
we have shown the excluded region in (mX ,M) space, assuming a uniform upper bound
of 0.1pb, for 10GeV < mX < 90GeV . We expect a better reach by a specialized analysis
adapted to our model. At the Tevatron some analysis was performed [10] but the results are
presented in a way that is not directly useful. The reach of future colliders is shown in Fig. 7,
where we have fixed Nmin = 10 events. For the graphs in Figs. 6, 7, we have chosen some
generic parameters characterizing the various machines, summarized in Table II, but since
graphs scale with parameters as in eq.(4), it is easy to adapt them to different parameters.
In the region below the curve more than 10 events are expected with luminosities given in
Table II, while in the region above the curve less than 10 events are expected. The vertical
position of the curve scales as the square root of the integrated luminosity. Our choice of
Nmin = 10 events is motivated by our assumption that the SM background for our process
is small (see below). Since curves in Figs. 6, 7, scale as 1/
√
Nmin, it is easy to determine
the reach for different values of Nmin.
7
collider type integrated luminosity
√
s
LEP II e+e− 200pb−1 200 GeV
NLC e+e− 20fb−1 1 TeV
Run I: 100pb−1 1.8 TeV
Tevatron PP¯ Run II: 2fb−1 2 TeV
Run III: 30fb−1 2 TeV
LHC PP 20fb−1 14 TeV
TABLE II. Parameter values for different colliders.
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FIG. 6. Expected number of HCA’s in LEP II, and Run I of the Tevatron. The curves
correspond to 10 expected events, below (above) the curve more (less) than 10 events are expected.
The shaded region is experimentally excluded.
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FIG. 7. Expected number of HCA’s in future colliders. The curves correspond to 10 expected
events, below (above) the curve more (less) than 10 events are expected.
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FIG. 8. Decay of HCA.
The produced HCA’s decay into photons or Z’s in rates that can be evaluated from the
diagrams in Fig. 8. If mX < mZ , HCA can only decay into two photons, with a rate Γ
given by Γ(X → 2γ) = 1
32pi
cos4 θW
m3
X
M2
. If mZ < mX , HCA has an additional decay channel,
Γ(X → Zγ) = 1
32pi
cos2 θW sin
2 θW
(
(m2
X
−m2
Z
)3
m3
X
1
M2
)
. Finally, if mX > 2mZ , HCA can also
decay into two Z’s, Γ(X → 2Z) = 1
32pi
sin4 θW
1
M2
(m2X − 4m2Z)3/2. The total decay rate is
the sum of rates for all the possible decay channels. The signature of a decay of HCA is
therefore, depending on the mass mX , a diphoton, photon Z or a ZZ systems in definite
ratios.
The actual reach of colliders will be determined by the background to our process. In
the SM there are no tree level processes leading to a final state with three neutral gauge
bosons, which is the signature of our process. But there are one loop processes, which do
lead to a final state with three neutral gauge bosons [11]. However, they do not seem to
provide substantial background for values of M below 50 TeV. We will not attempt here a
more detailed treatment of backgrounds.
If NLC can be operated as a photon collider, and its CM energy can be tuned, then
HCA can be produced directly, through the reverse process of the one shown in the di-
agram in Fig. 8. The cross section for resonant production of X in photon colliders
σ = pi
4
cos4 θW
1
M2
∼ 150
(
TeV
M
)2
pb, is substantially larger than associated production cross
section in e+e− colliders, and we believe that this option should be investigated further.
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Our conclusions are that existing data from LEP II and Run I of the Tevatron can
be used to rule out a region in (mX ,M) parameter space, as shown in Fig. 6, however a
specific analysis, similar to the analysis performed in [9], but with the particular details of
our model, has to be carried out to determine the exact region. In future colliders HCA
can be detected provided that its mass is not too high, and its coupling is not too weak as
shown in Fig. 7. The signature of HCA are events with 3 neutral gauge bosons (γ or Z),
such as diphoton dijet events. Production of Z’s requires higher energy, but once enough
energy is available (see Figs. 2,4), and if the mass mX is high enough, all possibilities will
show up, with definite calculable reduction factors of 0.3 or smaller for each additional Z.
The measured ratios can serve as a powerful check for verifying discovery. Higher effective
luminosity increases the reach in coupling M , while higher energy increases the reach in
mass mX . In particular, for luminosities and energies given at Table II, LHC and NLC have
a similar reach. In comparison, Run III of the Tevatron has a better reach in M for smaller
mX , and worse reach in mX for smaller M .
HCA can play a role in baryogenesis only for a certain range of parameters, in particular,
being conservative mX < 10 TeV, while M appears only in combination with the initial
coherent HCA amplitude, and is therefore not constrained directly. Detection of HCA in
colliders with a mass below 10 TeV will support the hypothesis that HCA can help in
explaining the observed matter - antimatter asymmetry in the universe.
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